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treatment steps or dilutions step. These processes may be 
provided in a variety of suspended groWth or ?xed ?lm reac 
tors, for example a membrane bioreactor or a ?xed ?lm reac 
tor having a GAC bed. Processes for biological treatment of 
inorganic compounds in a ?xed medium reactor is described 
including steps of one or more of maintaining desired ORP 
levels, optionally by controlling nutrient addition, and remov 
ing solids or gas bubbles from the medium bed. 
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APPARATUS AND METHOD FOR TREATING 
FGD BLOWDOWN OR SIMILAR LIQUIDS 

This is a continuation of International Application No. 
PCT/CA2006/001220, ?led Jul. 24, 2006, Which is an appli 
cation claiming the bene?t under 35 USC 119(e) of US. 
application Ser. Nos. 60/701,996 ?led Jul. 25, 2005; and 
60/736,859 ?led Nov. 16, 2005; and, PCT/CA2006/001220 
claims priority to Canadian Patent Application No. 2,517,322 
?led Aug. 26, 2005. All applications listed above are incor 
porated herein, in their entirety, by this reference to them. 

FIELD 

This invention relates to Water treatment including biologi 
cal Water treatment and treatment of feeds containing inor 
ganic contaminants, for example selenium, nitrates or heavy 
metals, for further example scrubber bloW doWn Water from a 
?ue gas desulfuriZation (FGD) operation in a coal ?red poWer 
plant. 

BACKGROUND 

The folloWing background discussion does not imply or 
admit that any process or apparatus described beloW is prior 
art or part of the knowledge of people skilled in the art in any 
country. 

Scrubber bloW-doWn Water from a ?ue gas desulfuriZation 
operation in a coal-?red poWer plant contains a Wide range of 
inorganic contaminants removed from the ?ue gas. The bloW 
doWn Water may also contain organic contaminants, such as 
di basic acid (DBA), and ammonia added as part of or to 
enhance the FGD process. The FGD scrubber bloW-doWn 
Water may have very high total dissolved solids Where the 
main anions are chlorides and the main cations are calcium, 
magnesium and sodium. The rate of bloW-doWn may be con 
trolled to maintain a desired chloride concentration causing 
the bloW-doWn Water to have a high, but generally stable 
chloride concentration. The concentration of other contami 
nants may vary Widely as in?uenced, for example, by burning 
coal from different sources even in a single poWer plant. 
HoWever, the concentration of TDS, TSS, Ca and Mg hard 
ness, nitrate, ammonia, and sulfur for example as sulphate are 
all likely to be high, and various heavy metals may be present, 
making the bloW doWn Water very di?icult to treat, particu 
larly to achieve very loW levels of contaminants. Other Waste 
Waters, such as WasteWater discharged from mining opera 
tions, agricultural drainage or run off Water, other industrial 
Waters or even drinking Water, may also have unacceptable 
concentrations of some or all of these inorganic contami 
nants. 

Current methods of treating bloW doWn Water rely heavily 
on physical and chemical processes to remove inorganic con 
taminants. The physical and chemical processes involve 
costly chemicals and produce large amounts of sludge. 
Arsenic, mercury and heavy metals may also be present in the 
bloW doWn Water at above regulated levels. Further, some 
jurisdictions have recently regulated selenium concentrations 
in e?luents discharged to the environment. The permitted 
concentration of selenium may be 0.5 ppm or less or 200 ppb 
or less While the bloW doWn Water may contain 1-20 or 2-10 
ppm of selenium Which is not removed in conventional treat 
ment plants. 

In US. Pat. No. 6,183,644, entitled Method of Selenium 
Removal and issued on Feb. 6, 2001 to D. Jack Adams and 
Timothy M. Pickett, dissolved selenium is removed from 
contaminated Water by treating the Water in a reactor contain 
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2 
ing selected endemic and other selenium reducing organisms. 
Microbes may be isolated from the speci?c Water or imported 
from other selenium contaminated Water. The microbes are 
then screened for ability to reduce selenium under the site 
speci?c environmental conditions. The selected microbes are 
optimiZed for selenium reduction, then established in a high 
density bio?lm Within a reactor. The selenium contaminated 
Water is passed through the reactor With optimiZed nutrient 
mix added as needed. The elemental selenium is precipitated 
and removed from the Water. Products using this or a similar 
process may be available under the trade mark ABMet® from 
Applied Biosciences Corp of Salt Lake City, Utah, USA. 
The entirety of US. Pat. No. 6,183,644 is incorporated herein 
by this reference to it. 

SUMMARY 

The folloWing summary is intended to introduce the reader 
to one or more inventions described herein but not to de?ne 

any of them. Inventions may reside in any combination of one 
or more of the apparatus elements or process steps described 
anyWhere in this document. 

It is an object of an invention described herein to improve 
on, or at least provide a useful alternative to, the prior art. It is 
an object of an invention described herein to provide a Waste 
Water treatment process or apparatus. Other objects of one or 
more inventions described herein are to provide an apparatus 
or process for treating FGD bloW doWn Water or other Waste 
Waters having selenium or nitrate or both, or a process or 
apparatus for biologically removing inorganic contaminants, 
for example nitrogen, selenium, arsenic, mercury or sulphur, 
from Waste Water. The WasteWater may be a raW WasteWater or 
a WasteWater that has been pretreated. 
A process is described herein having steps of anoxic treat 

ment to denitrify a Waste stream, anoxic treatment to remove 
selenium and anaerobic treatment to remove heavy metals or 
sulphur or both. Removal of heavy metals is possible because 
S04 is present and converted to sul?de by anaerobic SO4 
reducing bacteria. The process may further include one or 
more of (a) membrane separation of the Waste stream 
upstream of the anoxic digestion to remove selenium, (b) 
dilution upstream of the biological treatment step, (c) physi 
cal/chemical pretreatment upstream of the biological pro 
cesses or dilution step to remove TSS and soften the Waste 
stream, for example through the addition of lime or sul?des 
and the removal of precipitates, (d) ammonia stripping 
upstream of the biological treatment steps or dilution step or 
(e) aerobic treatment to remove COD and nitrify the Waste 
stream upstream of the anoxic treatment. Some of the bio 
logical treatment steps may be performed in a ?xed ?lm 
reactor, for example a granular activated carbon bed. One or 
more of the biological treatment steps may also be performed 
in a suspended groWth reactor such as a membrane bioreactor. 
Each biological treatment step may be performed in a distinct 
reactor optimiZed to perform a step or tWo or more of the 
biological treatment steps may be performed in a multiple 
purpose reactor. 
An apparatus is described herein having one or more reac 

tors con?gured to provide nitri?cation, denitri?cation, sele 
nium and heavy metals removal and sulphur removal by bio 
logical treatment. The apparatus may further have a reactor to 
provide aerobic treatment of COD. The reactors may include 
a membrane bioreactor or a ?xed ?lm reactor. The ?xed ?lm 
reactor may comprise a bed of activated carbon or other 
support materials. The apparatus may further have one or 
more of an inlet for diluting the feed Water to the biological 
processes, a system for adding lime or sul?des to the Waste 
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Water upstream of the biological reactors, one or more physi 
cal or chemical pretreatment systems, a precipitate remover, 
or an ammonia stripper. 
An apparatus or process are also described herein for 

removing nitrates in a ?xed ?lm bioreactor. An apparatus or 
process are also described herein for providing a ?xed ?lm 
bioreactor having tWo or more Zones. The Zones may be 
adapted to remove different contaminants and may have dif 
fering oxygen reduction potential (ORP). An apparatus or 
process are also described herein for using nutrient location 
or feed rate to control ORP in a ?xed ?lm or media bioreactor. 
An apparatus or process are also described herein for bump 
ing a ?xed ?lm or media bioreactor to release solids or gas 
bubbles from a media bed. 
A process or apparatus described herein may be used for 

treating FGD bloW doWn Water or pretreated FGD bloW doWn 
Water to produce an e?luent With loW concentrations of sele 
nium, for example 1 ppm or less or 10 ppb or less, and loW 
concentrations of total nitrogen, for example 1 mg/L or less or 
10 ppm or less, in the e?luent. HoWever, an apparatus or 
process described herein may also have applications in treat 
ing bloW doWn Water When selenium concentration in the 
e?luent is not a concern. An apparatus or process described 
herein may also be useful for treating other WasteWaters hav 
ing selenium or nitrate, for example mining, or agricultural 
runoffs or Waste streams, contaminated ground or surface 
Water streams, or petroleum re?nery Waste streams, particu 
larly Where the Waste stream also has signi?cant concentra 
tions of one or more of COD, nitrate, ammonia, TDS, TSS, 
hardness, CaSO4, or sulphate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Examples of embodiments of one or more inventions Will 
be described beloW With reference to the Figures described 
beloW. 

FIG. 1 is a schematic process How diagram of an apparatus 
and process for treating Water. 

FIG. 2 is a schematic process How diagram of another 
system for treating Water. 

FIG. 3 is a schematic diagram shoWing an alternate 
embodiment for part of the system and process of FIG. 1 or 2. 

FIG. 4 is a cross section of a bioreactor. 
FIG. 5 is a chart of experimental results using a multi-stage 

bioreactor. 
FIG. 6 is a chart of experimental results relating number of 

selenium reducing organisms to temperature. 
FIG. 7 is a chart of selenium reduction in FGD bloW doWn 

Water using DBA as a carbon source. 

FIG. 8 is a chart shoWing ranges of ORP for various reac 
tions. 

FIG. 9 is a schematic process How diagram of another 
system for treating Water. 

DETAILED DESCRIPTION 

Various apparatuses or processes Will be described beloW 
to provide an example of an embodiment of each claimed 
invention. No embodiment described beloW limits any 
claimed invention and any claimed invention may cover pro 
cesses or apparatuses that are not described beloW. The 
claimed inventions are not limited to apparatuses or processes 
having all of the features of any one apparatus or process 
described beloW or to features common to multiple or all of 
the apparatuses described beloW. It is possible that an appa 
ratus or process described beloW is not an embodiment of any 
claimed invention. The applicants, inventors and oWners 
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4 
reserve all rights in any invention disclosed in an apparatus or 
process described beloW that is not claimed in this document 
and do not abandon, disclaim or dedicate to the public any 
such invention by its disclosure in this document. 

Table 1 shoWs the contaminants, and their concentrations, 
assumed for FGD scrubber bloW-doWn Water in the design of 
an example of an apparatus and process described further 
beloW. FGD bloW-doWn Water may exist With other contami 
nants or other concentrations of contaminants. The composi 
tion of FGD bloW-doWn can also vary Widely over time for a 
speci?ed coal-?red poWer plant as in?uenced, for example, 
by changes in the source of coal. HoWever, FGD bloW-doWn 
Water is generally characteriZed by very high total dissolved 
solids (TDS) Where the main anion is chloride and the main 
cations are calcium, magnesium and sodium. The bloW-doWn 
Water also contains signi?cant concentrations of ?ne sus 
pended solids, including CaSO4 ?nes. The bloW-doWn also 
contains a Wide range of inorganic contaminants, including 
ammonia, Which is added for selective catalytic reduction in 
the scrubbing process. The bloW-doWn Water may also con 
tain some organics, particularly DBA (dibasic acid) Which 
may have been added to enhance scrubber ef?ciency. In the 
apparatus and process described beloW, the ef?uent is 
intended to have a total nitrogen (TN) content of 10 ppm or 
less and selenium concentrations of 0.4 ppm or less. 

TABLE 1 

Typical FGD BloWdoWn Water 

Parameter Typical Value Min-Max 

Chlorides 30,000 ppm 20-40,000 ppm 
pH >5.0<6.0 
TDS 75,000 mg/L 50,000-150,000 mg/L 
TSS 2% dryWt 1-5% dry Wt 
Aluminum - Total 960 ppm 80-3700 ppm 

Antimony 12 ppm 0.03-49.0 ppm 
Ammonia - N 31 ppm 0.25-64 ppm 

Nitrate - N 350 ppm 200-450 ppm 

Total Nitrogen 200 ppm 50-400 ppm 
Arsenic - Total 15 ppm 0.27-100 ppm 

Barium - Total 100 ppm 2.0-770 ppm 

Beryllium 2.1 ppm 0.06-6.9 ppm 
Boron i 20-40 ppm 

Cadmium - Total 0.8 ppm 0.12-1.5 ppm 

Calcium 18,000 ppm 10,000-30,000 ppm 
Chromium - Total 23 ppm 0.5-210 ppm 

Chromium VI i 3-12 ppm 

Cobalt i 0.05-4 ppm 

Copper - Total 1.7 ppm 0.3-6.6 ppm 

CO3/HCO3 1500 ppm 1-3,000 ppm 
Fluoride 360 ppm 61-1600 ppm 
Iron - Total 1400 ppm 116-6400 ppm 

Lead - Total 19 ppm 0.2-140 ppm 

Lithium f 2-3 ppm 

Magnesium 15,000 ppm 10,000-20,000 ppm 
Manganese 10 ppm 3.6-200 ppm 
Mercury - Total 0.38 ppm 0.5-1.4 ppm 
Nickel - Total 10 ppm 0.5-74 ppm 

Phosphate - Total 1.0 ppm 0-10 ppm 

Potassium 6800 ppm 5000-10,000 ppm 
Selenium - Total 17 ppm 1.5-100 ppm 

Silver - Total 10.0 ppm 0.002-20 ppm 

Sodium 15,000 ppm 10,000-20,000 ppm 
Sulfate (S04) 60,000 ppm 40,000-80,000 ppm 
Thallium 0.76 ppm 0.02-2.2 ppm 
Vanadium i 1.0-11.0 ppm 

Total Zinc 15.0 ppm 1.7-50.0 ppm 
Temperature 1300 F. 125-1300 F. 

In greater detail, treating the bloW-doWn raises several 
challenges Which a process or apparatus may address in a 
variety of Ways, as described generally beloW and then by 
describing one or more examples of treatment systems and 
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processes. In the following description, pre-treatment refers 
to treatment occurring upstream of biological process steps. 

High TDS concentrations make it dif?cult to maintain 
activity for biological treatment. This issue may be addressed 
by diluting the Waste stream up stream of biological treatment. 
The high TDS also makes it dif?cult to ?occulate and settle 
biomass in an activated sludge process. This issue is 
addressed by using ?xed ?lm bioreactors or membrane biore 
actors Which may operate With TDS concentrations at Which 
settlability is loW. 

In general, high hardness causes scaling due to Ca or Mg 
oversaturation and any pH or temperature shifts may cause 
precipitation of calcium or magnesium sulfates or carbonates. 
FGD and other industrial Waste Water can contain high levels 
of sulfate, calcium and magnesium resulting in a danger of 
scaling conditions, Which are exacerbated With increasing 
alkalinity. When nitrate is removed by biological denitri?ca 
tion, alkalinity is produced Which tends to encourage scaling 
in some processes. These issues may be addressed by a soft 
ening pre-treatment, for example lime softening, and option 
ally by adding acid for pH adjustment upstream of the bio 
logical process. Scaling may also or additionally be addressed 
by performing biological denitri?cation in a ?xed ?lm reactor 
as described beloW. pH may decrease in the direction of feed 
?oW through such a reactor, thus making such reactors resis 
tant to scaling. In particular, selenium reducing or other 
microbes populating the reactor may produce organic acids 
from the fermentation of the nutrients that are fed to the 
system, thereby neutraliZing alkalinity and inhibiting scaling. 
The high TSS, particularly because it is essentially inor 

ganic, causes problems With developing and controlling a 
suspended biomass and With bioreactor and membrane plug 
ging. This issue may be addressed by pre-treating the Waste 
stream to coagulate or ?occulate and then physically remove 
(for example by settling or ?oating) suspended solids. 

High nitrate concentrations are a concern because nitrate is 
a preferred electron acceptor for biological reduction over 
selenate. This issue may be addressed by decreasing the 
nitrate concentration upstream of a selenate reducing step. 
The nitrate reducing step may occur in an upstream part of a 
selenate reducing reactor, as part of a multi-step biological 
process or multi-part ?xed ?lm reactor upstream of a selenate 
reducing process or part, or as part of a distinct process or 
reactor. 
Ammonia in the bloW doWn Water is a concern because 

concentration in the ?nal e?luent may be regulated and 
because oxidation of ammonia may increase nitrate concen 
tration. This issue is addressed by removing the ammonia, for 
example, by stripping the ammonia as NH3 in a pre-treatment 
process or by removing ammonia biologically by a nitri?ca 
tion/denitri?cation process either in a series process or With 
recirculating ?oWs. Denitri?cation, either as a denitri?cation 
step in a nitri?cation/denitri?cation process or to remove 
nitrates otherWise created by oxidiZing ammonia may be 
performed in a ?xed ?lm bioreactor Which may be part of a 
single or multipart selenium reducing bioreactor. 
The presence of various heavy metals, for example Cu, As 

or Hg, or related oxidiZed contaminants are a concern because 
they may be regulated in the ef?uent but are dif?cult to 
remove in loW concentrations. This issue may be addressed in 
part by precipitating these elements out in a pre-treatment 
softening step. The issue may be further addressed by bio 
logically reducing S04 and precipitating these contaminants 
as metal sul?des after removing nitrate and selanate and 
selenite. This precipitation may occur in a ?xed ?lm bioreac 
tor Which may be part of a single or multipart selenium 
reducing bioreactor. 
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The presence of selenium, as selenate or selenite, is a 

concern because of recent regulation of selenium concentra 
tions in the e?luent directly or indirectly, for example through 
?sh tissue concentrations in the receiving body. The selenium 
is dif?cult to remove because of its loW concentration and its 
tendency to form selenate or selenite and dissolve in Water 
making physical or chemical removal dif?cult, costly or inef 
?cient. Selenium is addressed in the process and apparatus by 
biologically reducing it to elemental selenium and then pre 
cipitating it for removal. This may be done in a ?xed ?lm 
bioreactor Which may also be used to remove other contami 
nants. 

FIG. 1 shoWs a treatment system 10 having a pretreatment 
area 12 upstream of a biological treatment area 14. Feed 16, 
Which may be FGD bloW-doWn Water or another feed, ?oWs 
into pretreatment area 12. In the pretreatment area 12, a large 
portion of the TSS in the feed is removed and Ca and Mg are 
removed to soften the feed 16. The pretreatment area 12 uses 
physical/ chemical methods to treat the feed 16. For example, 
lime or sul?des or both may be added to the feed 16 to 
precipitate calcium, magnesium and metals. The precipitates 
may be removed by clari?ers, for example single stage or 
double stage clari?ers. Settling can be enhanced by the addi 
tion of coagulants or polymers. 

Pre-treatment ef?uent leaves the pretreatment area 12 
through a pretreatment e?luent line 20. Dilution Water 18 is 
added to the pretreatment e?luent. The dilution Water 18 
reduces the total dissolved solids (TDS) concentration of the 
pretreatment e?luent to make it acceptable for biological 
treatment doWnstream. Suf?cient dilution Water 18 may be 
added to make the TDS concentration like that of seaWater, 
for example With a TDS of 35 g/L or less. Any loW TDS Water 
can be used for dilution Water 18, for example cooling circuit 
bloW doWn Water from a poWer plant. The dilution Water 18 
also cools the FGD bloW-doWn Water, for example from 50° 
C. or more to about 43° C. or less or 400 C. or less, to further 
facilitate biological treatment. As shoWn in FIG. 6, the health 
of selenium reducing organisms declines above about 43° C. 
In general, a ?xed ?lm reactor may be operated at tempera 
tures of about 40° F. to about 105° F. An established reactor 
may also tolerate higher temperature for short periods of time, 
for example a temperature to 110° F. for up to 24 hours. 
The diluted pretreatment ef?uent then ?oWs to the biologi 

cal treatment area 14. The biological treatment area 14 has 
four Zones: an aerobic Zone 22; a ?rst anoxic Zone 24; a 

second anoxic Zone 26; and, an anaerobic Zone 28. These 
Zones 22, 24, 26, 28 are shoWn connected in series in FIG. 1 
although one or more of them may alternately be connected 
With recirculation loops. Further alternately, some of the 
Zones 22, 24, 26, 28 may not be required in some embodi 
ments. The Zones 22, 24, 26, 28 may also occur in separate 
reactors or one or more Zones 22, 24, 26, 28 may be combined 
into a single reactor. One or more of nutrient streams 30, 32, 
34 may be used to add nutrients to any Zone 24, 26, 28 
doWnstream of a nutrient stream 30, 32, 34, either directly or 
through intervening Zones 24, 26. For example, nutrients may 
be added in stream 30 or stream 32 to support the groWth of 
bacteria in Zones 26 or Zone 28 or both. 

The aerobic Zone 22 is used to nitrify, assimilate or remove 
ammonia, to the extent that ammonia has not been stripped in 
the pretreatment area 12, and to oxidiZe organic carbon. An 
optional supplemental aerobic Zone may also be added doWn 
stream of the anaerobic Zone 28 to remove residual nutrients 
added before or in Zones 24, 26, 28 and to oxidiZe residual 
compounds from anaerobic Zone 28. If there is no TN dis 
charge limit for the e?lluent, or if ammonia is stripped in the 
pretreatment area 12 such that TN in the ef?uent Will be 
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acceptable, the aerobic Zone 22 may be omitted, or replaced 
by an aerobic Zone downstream of the anaerobic Zone 28. 

In the ?rst anoxic Zone 24, nitrate acts as a preferred elec 
tron acceptor and is removed by denitri?cation. The nitrate 
may be removed to a concentration Which facilitates the bio 
logical reduction of selenium in the second anoxic Zone 26, 
considering that nitrate in high concentration Will be used as 
an electron acceptor over loW concentrations of selenate or 
selenite. 

For example, NO3 may be reduced to 10 mg/L as N or less 
or 1 mg/L as N or less or 10 ppm as N or less in the stream 
leaving the ?rst anoxic Zone 24. 

In the second anoxic Zone 26, selenium is removed by 
biological reduction and removal, for example by precipita 
tion into ?ush ?oW Water or Waste sludge. These steps may 
occur, for example, according to the process described in US. 
Pat. No. 6,183,644 or in other ?xed or suspended bed reactors. 
The reactors may be seeded With selenium reducing organ 
isms. 

In the anaerobic Zone 28, sulfate-reducing bacteria reduce 
sulfates and produce sul?des in the form of H2S or HS‘. Part 
of the HS“ may react With soluble metals to form insoluble 
metal sul?des Which may precipitate out of solution. In this 
Way the anaerobic Zone removes heavy metals. The off gas 
from the anaerobic step 28 can be recycled to the aerobic step 
22 or to a doWnstream aerobic step to reduce the production of 
odors associated With H2S. 

In general, the Zones 22, 24, 26, 28 may be arranged into 
one or more reactors. Each Zone 22, 24, 26, 28 may occupy its 
oWn reactor, for example a CSTR optimiZed to reduce the 
primary target contaminant of each Zone 22, 24, 26, 28. Alter 
nately, for example, Zones 22 and 24 can be combined into a 
combined nitri?cation/denitri?cation reactor Which may 
have 1,2 ormore tanks. Zones 24,26 and 28 or 26 and 28 may 
be combined into an ABMet or other ?xed ?lm reactor having 
one or more tanks. Other reactors may also be used. For 
suspended groWth reactors, the limited concentrations of the 
target contaminants may be loW and the presence of other 
contaminants may make biomass separation dif?cult and so 
membrane bioreactors are preferred. Alternately, ?xed ?lm 
reactors may be used, for example Moving Bed Bioreactors, 
for example as produced by Anox Kaldnes of NorWay, ?uid 
iZed bed reactors, for example as produced by ShaW Enviro 
gen of NeW Jersey, USA, bio?lters as produced by Degremont 
of France under the trade mark BIOFOR, granular activated 
carbon reactors, for example as produced by the Applied 
Biosciences Corp. of Utah, USA under the ABMet trade 
mark, or in membrane supported bio?lm reactors (MSBR) as 
described in PCT Publication Nos. WO 2004/071973 or WO 
2005/016826. Depending on the Zone, the MSBR may oper 
ate autotrophically or heterotrophically optionally using a 
process of heterotrophic denitri?cation as described in Cana 
dian Patent Application No. CA 2,477,333. Membrane sepa 
ration may optionally be used With or after any ?xed ?lm 
reactor although there may also be no need for it. The entire 
disclosures of each of WO 2004/071973; WO 2005/016826 
and CA 2,477,333 are incorporated herein by this reference to 
them. 

FIG. 2 shoWs a process How diagram of a treatment plant 
50 used for, for example, treating FGD bloW-doWn as 
described in Table 1. In the pretreatment area 12, pretreatment 
is by lime softening, optionally With sul?de addition, and 1 or 
2 stage settling in clari?ers. Such a process may be provided 
by WesTech of Utah, USA or others. PH is adjusted in the 
pretreatment e?iuent 20 When the dilution Water 18 is added 
to a pH of less than 8.5, for example betWeen 6 and 8 to 
enhance biological treatment. In the aerobic Zone 22, a mem 
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8 
brane bioreactor having an aeration tank and a membrane 
tank containing ZeeWeedTM membranes from GE Water and 
Process Technologies, Zenon Membrane Solutions of 
Ontario, Canada, may be used for nitri?cation. The aerobic 
Zone 22 may alternately be omitted. The ?rst and second 
anoxic and anaerobic Zones 24, 26, 28 may be provided in an 
ABMet® reactor system by Applied Bioscience Corp. of 
Utah, USA, or a similar or modi?ed system Which may con 
sist of a 2 or more stage reactor con?guration. This reactor is 
an up-?oW ?xed ?lm reactor using a GAC bed operated in 
plug How so that 3 biological Zones corresponding to the ?rst 
anoxic, second anoxic and anaerobic Zones 24, 26, 28 can be 
established in sequence. A down How reactor may alternately 
be used. A single nutrient stream 30 may be used upstream of 
the ABMet reactor. Alternately, if a tWo or more stage reactor 
is used, an inlet for nutrients may be provided up stream of one 
or more of, or each, stage although nutrients Will not neces 
sarily be provided from each inlet at all times. Precipitates are 
removed from this reactor by periodically ?ushing the GAC 
bed to over?oW troughs. Sludge from the pretreatment area 12 
and biological treatment area 14 is fed to a sludge thickener 
and deWaterer. Thickened and deWatered sludge is sent to 
Waste. Sludge thickening and deWatering e?iuent is returned 
to an equalization tank to be mixed With the FGD bloW doWn 
feed Water 16. Further discussion of the use of an ABMet 
process or apparatus, or media ?lter generally, Which may 
include modi?cations or enhancements to such a process or 
apparatus, are described beloW. 
An ABMet® reactor, may be described as an up?oW or 

doWn?oW, simple ?xed groWth or ?uidized, activated carbon 
or other support media based, biological ?lter system or 
bioreactor. A sample reactor 100 is shoWn in cross section in 
FIG. 4. A media bed 101 is provided on Which a population of 
selected microorganisms Will groW and be retained Within the 
system. Activated carbon may be employed as the medium 
and provides a very large surface area available for microbial 
groWth. The activated carbon may be provided, for example, 
in the form of granular activated carbon or pelletiZed acti 
vated carbon. Other media might be used, for example poly 
meric ?bers, crushed stone, pumice, sand, plastic media or 
gravel. With activated carbon, much of the surface area is 
protected in crevices Within each carbon particle, thus shel 
tering biomass from shear and abrasive forces. The media bed 
101 may occupy a Zone h2 of the reactor 100. 
The speci?c gravity of an activated carbon particle With 

attached biomass is slightly greater than 1.0. The particles 
may have a settling velocity in still Water of about 160 ft/hr. 
The inventors have noticed that that settling rate is similar to 
that of granular sludge in up?oW anaerobic sludge blanket 
(UASB) systems and so the in?uent distribution system and 
hydraulic regime Within the carbon bed during normal for 
Ward ?oW conditions may be similar to UASB systems. 
The reactor may have an upper port 106 and a loWer port 

102 and a backWash port 103, each of Which may be con 
nected to a distribution or collection system 105, for example 
one or more horiZontal pipes. Optionally, for some systems, 
loWerport 102 andbackWash port 103 may be both connected 
to the same distribution or collection system 105 or be 
replaced by a single port and distribution or collection system 
105. Uniform ori?ces may be located on the underside of 
these pipes at proper spacing intervals. Ori?ces may be 
designed at about a 1.0 psi pressure drop, Which renders 
friction losses along each pipe insigni?cant and assures even 
?oW distribution. Multiple pipes may be connected together 
through various headers or manifolds. One or more grades of 
aggregate 104 may be installed around and above the distri 
bution or collection system or systems 105 in a sub?ll layer 
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h1. The aggregate 104 Will aid in ?oW distribution While also 
preventing break through of media to a distribution or collec 
tion system 105. System 105 connected to upperport 106 may 
be covered in a screen or have small holes to prevent media 
entry if required. WasteWater may enter the media bed 101 
from the top or bottom. WasteWater may enter the reactor 1 00 
through upper port 106, ?oW doWnWards through the media 
bed 101 and be WithdraWn from loWer port 102. Alternately, 
WasteWater may enter through the bottom port 102, ?oW 
upWards through the media bed 101 and exit through the 
upper port 106. Up?oW velocity under normal forWard ?oW 
conditions may be maintained at about 5 ft/hr, Well beloW the 
activated carbon settling rate of 160 ft/hr. 

During the course of normal operation, solids Will accu 
mulate Within the media bed 101. These solids may be of one 
or more of three types, 1) TSS Which enters the reactor 100 
and is retained, 2) biomass that is ?xed to the media that 
groWs and occupies additional space, and 3) inorganic con 
taminants that are biologically converted to solid forms and 
retained Within a bed. 
As solids accumulate, the pressure drop across the media 

bed 101 Will increase. At a selected time interval or pressure 
point, the media bed may be ?ushed. This operation may be 
accomplished by utilizing backwash port 103 and its associ 
ated distribution or collection system 105. In this case, an 
up?oW velocity of about 80 ft/hr of feed or Water may be 
maintained to ?ush the media bed 101. Other velocities may 
be used, for example as in a range that Would be used in 
activated carbon ?uidized bed systems. 

The up?oW velocity applied during ?ushing may result in 
an upWard expansion of the bed by up to 30% into a bed 
expansion layer h3. With this velocity, media particles may be 
?uidized, resulting in dislodging of trapped in?uent TSS, 
excessive biomass groWth attached to the media and associ 
ated inorganic contaminants that have been removed from or 
precipitated out of the WasteWater. The up?oW velocity used 
is still comfortably beloW the settling rate of the media par 
ticles. Thus, unacceptable amounts of media Will not be 
?ushed, if any, from the bioreactors during this operation. The 
?ushing Water and entrained solids may be removed through 
troughs 108. Upper port 106 or loWer port 102, Whichever is 
used to WithdraW treated ef?uent, may be closed during ?ush 
mg. 
A headspace layer h4 is provided above the expansion 

layer h3 and beloW a reactor cover 109 in layer h5. Gases 
released by the microorganisms may collect in the headspace 
layer h5. A vent or gas outlet 110 in the headspace h4 or cover 
h5 may be used to release these gases to the atmosphere or 
collect them for further treatment, for example in a doWn 
stream branch process or by recycle to an up stream part of the 
system. 
From a hydraulic design standpoint, the reactor 100 may 

operate under conditions similar to UASB systems during 
upWard feed ?oW periods, if any, and similar to biological 
?uidized beds during ?ushing. With proper function of up 
stream treatment steps, and given the loW groWth rate of the 
biomass Within the media bed 101, ?ushing may be required 
from betWeen once every tWo Weeks to only a feW times each 
year, for example once a month. Flushing may be a batch 
operation over a 30 minute period. Spent ?ush Water may be 
returned to the head of the plant from Where, for example, the 
solids Will settle in solids contact clari?ers and ultimately be 
co-mingled With primary solids for deWatering and disposal. 
Altemately, ?ush Water may be separately treated to separate 
out solids for separate post-treatment or disposal of the solids 
since the solids ?ushed from reactor 100 may contain sele 
nium and heavy metals. 
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In addition to, or alternately in place of, ?ushing as 

described above, the reactor 100 may be “bumped”, or brie?y 
?uidized or backWashed, periodically or from time to time. 
Bumping may be done by ?oWing Water, for example reactor 
100 feed Water, cooling Water or tap Water, or a mixture of gas, 
for example air, bubbles and Water, through the backwash port 
103 at a rate greater than the normal upWards ?oW feed rate. 
The bumping may be done at a velocity of betWeen about 1 
gpm/ft2 to 14 gpm/ft2 for a short period of time, for example 
10 minutes or less or 5 minutes or less. The bumping may be 
done at a frequency betWeen, for example, once per hour to 
once per Week, for example between 1 and 4 times per day. 
The bumping expands the media bed 101, alloWs some solids 
to be removed from the system and also releases gas bubbles 
that accumulate in the media bed 101. Gas bubbles or solids in 
the media bed 101 can impede ?oW through the media bed 
101. The primary purpose of bumping is thus to control head 
loss and provide a more even ?oW of Water through the entire 
media bed 101 particularly by the release of gas bubbles from 
the media bed 101. The bump may raise the Water level in the 
reactor to above troughs 108. Bump e?luent Water collected 
in troughs 108 can be handled as described for ?ush e?lluent. 
This provides for removal of TSS and may reduce or elimi 
nate the need for more rigorous ?ushes as described above. 
Alternately, the e?luent from some or all of the bumps may be 
recycled to the loWer port 102. While this may place solids in 
an otherWise undesired part of reactor 100, the bump ?oWs are 
small and the recycled solids may be removed in full ?ushes 
as described further above. Further, a portion of the solids in 
the bump e?luent is biodegradable. Recycling these solids 
may alloW for their biodegradation and so reduce the total 
amount of sludge that needs to be Wasted from the system as 
a Whole. The desired bumping frequency and duration is 
related to the removal of gases or solids and so is related to the 
suspended solids concentration or nitrogen level orboth in the 
inlet to the reactor 100. 

Referring to FIG. 9, another system 200 is shoWn for treat 
ing a feed 202 Which may be FGD bloWdoWn Water. Feed 202 
is pretreated in a ?rst pretreatment apparatus 204 and, option 
ally, a second pretreatment apparatus 206 or more pretreat 
ment steps. These apparatus 204, 206 may be, for example, 
physical or chemical or physical and chemical treatment steps 
such as combined mixer and clari?er units used, for example, 
for lime or sul?de precipitation or any of the pretreatment 
steps described in this document. Pretreatment ef?uent 208 
?oWs to a tWo stage bioreactor 210 having tWo of the reactors 
100 of FIG. 4 operated in doWn?oW con?guration in series. 
Pretreatment e?luent 206 ?oWs to upper port 106 of the ?rst 
reactor 100, then from loWer port 102 of the ?rst reactor 100 
to the upper port 1 06 of the second reactor and out of the loWer 
port 102 of the second reactor. Treated ef?uent 212 leaving 
the second reactor 100 may optionally ?oW to an aerobic 
post-treatment apparatus 214 to produce ?nal e?luent 216. 
Reactors 218 may be ?ushed or bumped by ?oWing backWash 
Water from backWash feed tank 218 to the backWash port 103 
of the reactor 100. Bump or ?ush Water collected in troughs 
108 may be treated in a backWash liquid/ solid separation 
apparatus 220, such as a pond or clari?er. Clari?ed backWash 
Water may be returned to the head of the plant. All sludge may 
be sent to a common sludge disposal system 224 or the back 
Wash Water sludge may be sent to a separate toxic sludge 
disposal system 226. Nutrients may be added to the pretreat 
ment ef?uent 208, the pipe betWeen the loWer port 102 of the 
?rst reactor 100 and the upper port 106 of the second reactor 
100 or both. 
The microorganisms that Will perform the various func 

tions discussed above Will require a food or carbon source. A 
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molasses-based nutrient mixture may be used. The nutrient 
may be chosen to provide a carbon: nitrogen: phosphorous 
ratio (CNP) of, for example, 100110: 1, When mixed With the 
feed. For example, the feed may already contain su?icient 
phosphorous and so there may be no need for phosphorous in 
the nutrient solution. Nutrient may be supplied, for example, 
at a rate of 0.2-0.4 gallons of nutrient per 1000 gallons of feed 
Water. This basic mixture may be supplemented With micro 
nutrients and other components shoWn to promote stable 
groWth for the target microbial population. The nutrient can 
be added to the lead bioreactor and/or to the second or later 
cell in a tWo or more stage reactor. 

DBA, if used in the FGD system to enhance sulfur removal, 
Will leave a concentration of DBA in the WasteWater. Some or 
all of the DBA Will remain in the WasteWater after physical or 
chemical pretreatments and even to some extent after an 
aerobic biological treatment step, if there is any. DBA is 
carbon-based and may be used by the microbes as a nutrient. 
As shoWn in FIG. 7, DBA in su?icient quantities can be used 
as the sole carbon source for selenium reducing microorgan 
isms. DBA present in lesser amounts may be accounted for in 
reducing the nutrient carbon amount or feed rate. An excess of 
DBA, if inhibiting the groWth of desired organisms compared 
to undesired organisms or interfering With ORP gradient con 
trol, can be reduced by oxidation upstream of the reactor 100. 
In general, the extent to Which DBA may be utiliZed in the 
anoxic or anaerobic sections of the beds can be managed by 
redox or nutrient control or upstream processes. 
When reactor 100 is used to provide ?rst and second anoxic 

Zones 24, 26 and anaerobic Zone 28, there are three primary, 
biochemical reactions, Which may occur Within the bioma 
trix. 

Remaining nitrates are reduced to nitrogen gas, Which Will 
be subsequently released to the atmosphere. 

Selenium is reduced from an oxidiZed state to elemental 
form. Elemental selenium Will form so-called “nano 
spheres” that Will attach to the cell Walls of the microbes 
performing the reductive function. As the microbes are 
attached to the media, selenium Will be likeWise retained 
Within the media bed until ?ushing. 

Sulfates present are reduced to hydrogen sul?de. Further, 
the sul?des generated in the biomatrix complex as metal 
sul?de precipitates that are retained. Sul?des are effec 
tive at complexing With Zinc, copper, nickel, lead and a 
host of other primary metals. While required metals 
removal may be accomplished in the primary treatment 
steps, the reactor 100 may provide further treatment and 
polishing for metals removal. 

A bioreactor con?guration may involve multiple trains of 
tWo or more reactors 100 in series or other con?gurations. A 
generally plug ?oW regime may be maintained as WasteWater 
?oWs through each train of tWo or more successive reactors 
100. This arrangement may facilitate control of redox poten 
tial ranges associated With each of the three biochemical 
reactions discussed above or others. A single bioreactor 100 
can also be used and similarly controlled. 

Each of the reactions discussed above occur primarily in 
different, although possibly overlapping, redox ranges as 
shoWn in FIG. 8. WasteWater entering the lead reactor 100 in 
each train Will have a positive or slightly negative redox level. 
As the How progresses through the bed, the redox level Will 
gradually decrease. As the redox level drops into negative 
territory, remaining nitrates Will be reduced ?rst. As can be 
seen from FIG. 8, nitrates Will be reduced at levels doWn to 
— 1 50 mV. 

Selenium Will then be reduced as the redox proceeds doWn 
Ward to —200 mV. Lastly, sulfate reduction to sul?de Will 
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12 
occur doWn to —300 mV. Although the ORP range for sulfate 
reduction and selenium reduction largely overlap, selenium 
reduction may occur ?rst and in preference over sulfate 
reduction and so sulfate reduction may not reach high levels 
or be complete until after selenium reduction is nearly com 
plete. 

With a generally plug ?oW regime, a redox gradient is 
developed through the bed or beds. This gradient can be 
controlled by adjusting the rate of nutrient addition or hydrau 
lic retention time (HRT) or both in the bed or beds. In general, 
HRT may be altered at the design stage by choosing the bed 
dimensions in relation to the feed either by changing the 
dimensions of the bed or the number of beds in series or 
parallel. HRT in one or more beds in series may be, for 
example, in the range from 2 hours to 12 hours.After a system 
is built, changes to feed ?oW rate to the reactor 100 Will alter 
HRT. HoWever, nutrient addition may be easier to vary after a 
system is built and operating. Higher levels of nutrient addi 
tion Will drive redox loWer; reducing nutrient addition Will 
cause redox level to rise. Optional inter-stage nutrient addi 
tion betWeen reactors 100 in series may provide additional 
?exibility in redox control. ORP sensors may be provided at 
the outlet of each of the tWo reactors 100 in a tWo stage 
system. An ORP sensor may also be provided in the feed to a 
reactor 100. ORP sensors may also be provided at intermedi 
ate points in one or more stages of a reactor. An operator or 
automated system may record the ORP values at a sampling 
interval and maintain a record of the values. The values may 
be used to determine an input parameter to a controller or 
decision table. For example, the ORP values in the outlet of 
each of the tWo stages of a tWo stage reactor may be recorded 
at a sampling rate, Which may vary from, for example, 1 to 24 
times per day. A running average of the values over an aver 
aging period, for example 0.5 to 2 days is calculated. The 
running averages are used and considered in determining, 
manually or automatically, hoW the supply of nutrients 
upstage of either or both of the stages should be altered to 
produce a more desired redox level. 
By being able to control redox level, the system can be 

tuned to optimiZe removal of certain contaminants. Speci? 
cally, nutrient addition can be controlled to maintain optimal 
redox for selenium reduction (—50 to —200 mV) in at least a 
Zone of the reactor. For example, nutrient addition upstream 
of a ?rst reactor 100 in a tWo stage system may be calculated 
to produce an ORP of —50 to —200 mV at the outlet of the ?rst 
reactor. Nutrient addition upstream of a second reactor 100 
may be controlled to provide an ORP of —200 to —350 mV in 
the outlet of the second reactor 100 to enhance sul?de pro 
duction in the second reactor 100. As an alternate example, in 
an application Where metals removed in the reactor is less 
important, nutrient addition may be controlled to provide an 
ORP of-50 mV or less, for example —50 mV to —100 mV, at 
the outlet of the ?rst reactor 100 and —200 mV or more, for 
example, —150 mV to —200 mV at the outlet of the second 
reactor 100 of a tWo stage system. 
The generally plug ?oW regime alloWs speci?c populations 

to reside in someWhat dedicated Zones Within the carbon beds 
and so each one may contain multiple types of organisms 
although the redox levels for various functions may overlap. 
Nonetheless, removal can be achieved for a range of contami 
nants. 

The in?uence of ORP gradient on contaminant removal is 
demonstrated in FIG. 5. Water entering a reactor 100 contains 
dissolved oxygen, and oxidiZed species of contaminants (i.e., 
nitrate, selenate, selenite), and has a positive ORP of +100 in 
this example. Samples Were collected at various points across 
a multi-stage bioreactor and measured for ORP, selenium, 
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sulfate, and nitrate-N. Contaminants Were removed in their 
respective stages along this ORP gradient that hadbeen estab 
lished in the bioreactor bed. 
ORP can be controlled through the system by inter-stage 

nutrient delivery, and by controlling the HRT of each stage, 
Which is done by increasing or decreasing the in?uent ?oW 
rate. The ORP can be controlled Within the range of +150 mV 
to —400 mV. 

In the example of FIG. 5, a reactor Was divided into six 
stages. Nitrate-N is removed in the ?rst stage, With only 25% 
of the selenium being reduced. None of the sulfate is reduced. 
Removal in later stages is as shoWn in the Figure. Through 
controlling the ORP gradient, a system can be con?gured to 
remove for, for example, only Nitrate-N removal, Nitrate-N 
removal With selenium removal, and/ or multiple contaminant 
removal via direct reduction and sul?de precipitation. 

Denitri?cation may be carried out concurrent With or 
before sulfate and selenium reduction. As the biomass carry 
ing out these reactions are ?xed to the support media (Which 
Will be retained Within the system), the evolution of nitrogen 
gas Will not materially impact biomass retention. Gases cre 
ated in a reactor may be removed by bumping as described 
above as required. 

The biomass that Will groW in the bioreactor cells may 
occur naturally in our environment. Sulfate reducers and 
denitri?ers may groW naturally With little encouragement 
required. Given that required metals removal may be accom 
plished in the primary treatment steps, control of redox levels 
may optionally be such that sulfate reduction (and sul?de 
formation) is minimized. 

Microbes that have demonstrated the ability to reduce oxi 
diZed selenium to elemental form have been isolated from 
various locations in the Western U.S.A., for example by 
Applied Biosciences Corp. of Utah U.S.A. Several species of 
these microorganisms may be isolated and groWn. At plant 
start-up, an innoculum charge of these microbes may be sup 
plied to seed the bed. For example, the bioreactor 100 may be 
seeded With an initial charge of microbes. The initial charge 
may contain a mixture of 2-6 strains of microbes of the genus 
Pseudomonas, Shewanella, Alcali genes or other environmen 
tal microbes, Which have been selected based on, or in antici 
pation of, their groWth and contaminant reduction in the Water 
of interest. A population large enough to seed the reactor 100 
may be groWn on site from a supply of centrifuged and freeZe 
dried starter microbes prepared remotely. These microbes 
quickly attach to activated carbon or other media, and prolif 
erate thereafter in the presence of nutrient material. FolloW 
ing innoculum loading, the bioreactor cells may be operated 
in a recycle mode for several days to alloW the microbes to 
attach. An alternate seeding procedure is to ?rst soak the bed 
in a nutrient solution. After this pretreatment, approximately 
one reactor value of a mixture of seed microorganisms in 
Water, optionally containing some nutrient solution, is placed 
in the reactor. The reactor is then alloWed to sit for a period of 
time, for example 1 to 3 days, to alloW the microorganisms to 
attach to the media before starting feed ?oW through the 
reactor. Thereafter, normal feed How can be introduced and 
plant commissioning may proceed. 

FolloWing the completion of commissioning, a periodic 
bioassay evaluation may be conducted. This evaluation may 
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involve collection of carbon samples at various depths in each 
bioreactor cell. Each sample may be measured for redox level 
and the microbes examined to develop a biological commu 
nity pro?le. This study may generate an information baseline 
to ensure that the proper microbial mix is maintained Within 
the system over time and may be considered, for example in 
combination With on-line ORP measurements or to adjust 
target ORP ranges, in controlling nutrient addition. 
TWo or more bioassay evaluations may be conducted fol 

loWing commissioning of a plant. In the event that a bioassay 
evaluation shoWs that the speci?c microbes needed for sele 
nium reduction are not present in appropriate numbers, a 
supplemental inoculum charge may be provided. Additional 
bioassay evaluations may be performed from time to time to 
monitor the performance of the reactor and the results may be 
considered in modifying desired ORP ranges at one or more 
points in the reactor. A reactor as discussed above may be 
used to provide one or more of the ?rst and second anoxic and 
anaerobic Zones 24, 26, 28. 

FIG. 3 shoWs a nitri?cation/denitri?cation reactor 80 used 
to provide the aerobic and ?rst anoxic Zones 22, 24 of FIG. 1. 
Nitri?cation/denitri?cation reactor 80 may also be used to 
replace the bioreactor tank and ZeeWeed tank of FIG. 2 to 
provide the aerobic and ?rst anoxic Zones 22, 42 and alloW the 
ABMet reactor to be operated With the second anoxic and 
anaerobic Zones 26, 28 With a minimal or no ?rst anoxic Zone 
24. 
We claim: 
1. A process for the treatment of a liquid comprising: 
a) physical and/or chemical pretreatment of the liquid to 

remove total suspended solids and to soften the liquid; 
b) ammonia stripping of the liquid; 
c) anoxic treatment to remove nitrate; 
d) a second anoxic treatment after step (c) to remove sele 
nium and anaerobic treatment to remove heavy metals; 
and, 

e) membrane separation of the liquid upstream of step (d). 
2. The process of claim 1 further comprising the step of: 
f) dilution upstream of the ammonia or anoxic steps. 
3. The process of claim 1 Wherein the process is carried out 

in a series of reactors and at least one of the reactors is a 
membrane bioreactor. 

4. The process of claim 3 Wherein one of the reactors is a 
?xed ?lm reactor and is doWnstream of the membrane biore 
actor. 

5. The process of claim 4 Wherein the ?xed ?lm reactor has 
a granular activated carbon bed. 

6. The process of claim 5 the operation of the activated 
carbon bed reactor comprises a step of considering the oxy 
gen reduction potential of Water in or exiting from a part of the 
reactor in determinig a nutrient addition amount or rate. 

7. The process of claim 3 having one or more inlets for 
diluting the liquid to the reactors, a system for adding lime or 
sul?des to the WasteWater upstream of the reactors, or a pre 
cipitate remover. 

8. The process of claim 1 Wherein lime, sul?des or combi 
nations thereof are added in the pretreatment step. 

9. The process of claim 1 Wherein the ammonia stripping 
takes place in a ?rst aerobic Zone. 

* * * * * 


